The sorption of radiocaesium onto Na-rectorite as a function of pH value under ambient conditions was studied by batch and capillary methods. The results indicated that the sorption of Cs + ions was dependent on the ionic strength and, to a lesser extent, on the pH value. The distribution coefficients for Cs + ion sorption onto powdered rectorite (as determined via the batch technique) were much higher than those of Cs + ions onto compacted rectorite (as determined by capillary test), thereby suggesting that the sorption of Cs + ions onto rectorite was strongly dependent on the density of rectorite, i.e. the interlaminary space of the compacted rectorite contributes significantly on Cs + ion sorption. The distribution coefficients calculated from theoretical calculations, experimental measurements and the diffusion coefficients of Cs + ions were compared and discussed in detail. The sorption and diffusion mechanisms in compacted rectorite were also discussed.
INTRODUCTION
On depositing high-level radioactive waste in deep underground repositories, long-lived radionuclides may be leached from the waste and can thereby be transported through the backfill materials. The sorption, desorption, migration and diffusion of radionuclides in the backfill materials (such as clays and bentonite) has been a topic of extensive studies during the past few decades. The distribution coefficient derived via the batch technique (Xu et al. 2006a; Wang et al. 2004a; Montavon et al. 2004) , the dispersion coefficient derived from column experiments (Wang and Liu 2005a; Jedináková-Křižová 1998) , the diffusion coefficient in compacted clay minerals (Xu et al. 2006b; Wang et al. 2005b ) and the desorption properties of radionuclides (Wang et al. 2005c (Wang et al. , 2006 Geckeis et al. 2002) are all important parameters for the evaluation of the behaviour of radionuclides in the natural environment. Compacted clay is a candidate as a buffer material in the geological disposal of high-level radioactive wastes because of its low hydraulic conductivity, high swelling and sealing ability, and large sorption capacity (Bucher and Müller-Vonmoos 1989) . The distribution coefficient and diffusion coefficient are important for the evaluation of the pollution potential of radionuclides to the natural environment (Wang et al. 2004b (Wang et al. , 2005d .
The values of the distribution coefficient, K d , derived via the batch technique are usually used to simulate the migration of radionuclides in compacted clay. However, such K d values are usually two-to three-times higher than those obtained employing the corresponding column or capillary methods (Oscarson et al. 1994; Wang et al. 2004c) . For this reason, comparison of the sorption of radionuclides on powdered and compacted clay minerals is important, because sorption data of radionuclides on powdered clay minerals are obtained more readily than those for radionuclides on compacted samples.
Rectorite is a type of natural clay whose structure may be described as the regular (1:1) inter-stratification of di-octahedral mica and di-octahedral montmorillonite layers. Rectorite has been used extensively as a sorbent for metal ions. Its strong adsorptive capacity coupled with its stability (i.e. no disintegration) in water make rectorite a strong candidate for removing many anions and cations from the aqueous environment (Zhang et al. 2004 (Zhang et al. , 2005 . Rectorite clay is abundant in China and has been used extensively in wastewater management.
The sorption and diffusion of radiocaesium onto clay minerals has been studied extensively. This interest in the behaviour of the Cs + ion may be attributed to the fact that long-lived radiocaesium ( 137 Cs, t 1/2 = 30.2 y; 135 Cs, t 1/2 = 2 × 10 6 y) is produced by nuclear fission. Wang (2003) studied the sorption and diffusion of Cs + ions in compacted bentonite and found that their behaviour was strongly dependent on the Cs + ion concentration and the density of the bentonite. Kim et al. (1993) studied the sorption and diffusion of Cs + and Sr 2+ ions in compacted bentonite and concluded that the cation having the higher K d value does not always migrate more slowly than the cation having a lower K d value. Kozaki et al. (1999) found that the diffusion of Cs + ions in compacted bentonite was dependent on the particle size. Studies of the sorption and diffusion of Cs + ions onto rectorite are still scarce, especially comparisons of Cs + ion sorption onto powdered and compacted rectorite. This is the object of the present work, where a comparison is made of the difference between these two types of rectorite.
THEORY
The distribution coefficient, K d , usually used as a standard value to compare the sorption ability of radionuclides onto a solid component, may be derived from the following equation:
(1) where C 0 is the initial concentration of the radionuclide, C eq is its concentration in the supernatant after centrifugation, m is the mass of rectorite employed and V is the volume of the suspension.
The diffusion of Cs + ions in homogeneous, porous compacted rectorite can be described by Fick's second law. In one dimension, this may be written as:
( 2) where D a is the apparent diffusion coefficient in compacted rectorite (m 2 /s), C is the concentration of diffusing Cs + ion in solution (mol/l), t is the diffusion time (s) and x is the distance in the compacted rectorite from the diffusion source (m).
The diffusion equation for the initial and boundary conditions employed in this method may be written as (Crank 1975) :
where n is the amount of Cs + ions at a distance x from the solution/rectorite interface at time t (mol), while n 0 is the amount of Cs + ions at the rectorite/bulk solution interface (mol) as deduced from the experimental data by a fitting procedure employing equation (3). The apparent diffusion coefficient, D a , is the most direct quantity commonly evaluated from the experimental data when the diffusion profile is observed. However, the effective diffusion coefficient, D e , is the most invariant quantity for nuclides that do not suffer from surface diffusion or ion-exclusion effects. The effective diffusion coefficient is defined as:
where ε is the porosity of the compacted rectorite (m 3 /m 3 ) and ρ is the dry density of rectorite (kg/m 3 ). The values of the effective diffusion coefficients of nuclides are usually similar to the apparent diffusion coefficient of HTO and lie in the range of 10 -11 to 10 -9 m 2 /s. If the D e value of the nuclide is higher than the average value, surface diffusion will be dominant. On the other hand, if the D e value is lower than the average value, ion exclusion will perhaps influence the diffusion of nuclides in the compacted bentonite (Yu and Neretnieks 1997; Wang and Liu 2004d) .
EXPERIMENTAL

Chemicals
All chemicals used in the experiments were of analytical purity and were used as such without any further purification. The Na-rectorite sample was obtained as a gift from the Institute of Plasma Physics and was characterized in detail. The clay fraction in the sample amounted to 95% dry weight and consisted of rectorite whose unit cell was composed of a layer of montmorillonite and a layer of mica. The N 2 -BET surface area of the sample was 11.9 m 2 /g and its average particle size was 7.4 µm. The cation-exchange capacity was 44.9 mequiv/100 g.
Batch experiments
All experiments were performed under ambient conditions at 20 ± 2 o C employing 0.01 M NaOH or HCl solutions to adjust the pH value of the solution. In each case, the value of the pH was measured after sorption equilibration. After the suspensions had been stirred for 2 d, the solid and liquid phases were separated by centrifugation at 7500 rpm for 30 min.
Capillary measurements
The capillary employed was characterized by its length, L 0 (= 3 cm), its mass, m 0 , and its volume, V 0 . The volume was deduced from the internal diameter (0.140 cm) and length of the capillary. After filling with rectorite, the capillary was placed in 100 ml of 0.01 M NaNO 3 solution to allow equilibration. This process normally took four weeks. The capillary thus prepared was then placed in 20 ml of a 0.01 M NaNO 3 solution containing 137 Cs + ions at a given concentration (3.3 × 10 -5 mol/l) for 78 d. After this time, the capillary was removed from the solution and the rectorite was pushed out and cut into 2-mm thick slices. Each slice was then allowed to dissolve in 2 ml of 1 M HNO 3 over a period of 24 h. The amount of 137 Cs + ion in each slice was measured to determine the diffusion profile C = f(x), where x is the distance from the solution source.
Analysis of radiocaesium
The content of 137 Cs + ions was measured by liquid scintillation counting using a Packard 3100 TR/AB liquid scintillation analyzer. The scintillation cocktail employed was UL TIMA Gold AB TM (Packard).
RESULTS AND DISCUSSION
Effect of contact time
The influence of time on the sorption of Cs + ions onto powdered rectorite as determined by batch experiments is shown in Figure 1 . Such sorption mainly occurred during the first 5 h after which a steady value was achieved for the solution concentration. Relative to the sorption of Cs + ions onto alumina (Wang et al. 2003) , sorption equilibration was rapidly attained. For this reason, an equilibration time of 2 d was used in all the following experiments. Figure 2 shows the pH dependence of Cs + ion sorption onto powdered rectorite at ionic strengths of 0.01 M and 0.1 M NaNO 3 , respectively. It is clear from the data depicted that the extent of Cs + ion sorption onto rectorite increased slightly with increasing pH, i.e. no drastic changes of Cs + ion removal from solution onto rectorite was observed as the pH value changed. The removal of Cs + ions from 0.01 M NaNO 3 solution was higher than that from 0.1 M NaNO 3 solution, indicating that the concentration of foreign cation (i.e. Na + ) influenced the sorption process. The dependence of the sorption of Cs + ions on the ionic strength, and to a lesser extent on the pH, suggests that sorption of Cs + ions was mainly dominated by ion exchange. Surface complexation only made a weak and partial contribution to the uptake of Cs + ions onto rectorite (Bradbury and Baeyens 2002; Wang et al. 2005e; Xu et al. 2006c ).
Effects of pH and ionic strength on the sorption process
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Lei Chen and Xianjin Yu/Adsorption Science & Technology Vol. 25 Figure 3 shows the typical diffusion profiles of Cs + ions at different pH values, with the solid line depicting the fit obtained from equation (3). It should be noted that the fit describes the experimental data for different pH values very well, thereby confirming the validity of the method.
No significantly high amounts of Cs + ions were found near the compacted rectorite, thereby indicating that no precipitation had occurred on its surface. Figure 4 shows the values of D a as a function of pH at a dry density of 1120 ± 20 kg/cm 3 and an ionic strength of 0.01 M NaNO 3 . It is obvious from the figure that D a decreased with increasing pH, suggesting that the diffusion of Cs + ions in compacted rectorite decreased with increasing pH value. As shown in Figure 2 , the sorption of Cs + ions onto powdered rectorite increased slightly with pH, and hence it is not surprising that the diffusion of Cs + ions in compacted rectorite decreased with increasing pH value. Comparison with the diffusion of Cs + ions in compacted bentonite at a similar density (Wang 2003) indicates that the D a value for Cs + ions in compacted rectorite is less than that of Cs + ions in bentonite, thereby suggesting that rectorite may also be a suitable candidate for backfill material.
The values of the distribution coefficients (K d ) for Cs + ions in compacted rectorite are shown in Figure 5 . These values were derived from the n 0 values calculated from equation (3) and from the amounts of Cs + ions in the first slice of rectorite, n slice 1 , as obtained from liquid scintillation measurements. These data are summarized in Table 1 . Since the amounts of Cs + ions in the pore spaces of the compacted rectorite and bentonite must be subtracted from these data, the K d values for Cs + ions in the compacted bentonite may be calculated from the equations: (5) and (6) where C S (slice 1) is the concentration of Cs + ions in the first slice of the compacted bentonite (mol/g), C L is the concentration of Cs + ions in the bulk solution (mol/l), n 0 is the total amount of Cs + ions at the interface as deduced via equation (3) (mol), n slice 1 is the total amount of Cs + ions in the first slice of rectorite as measured by liquid scintillation (mol), V slice 1 is the volume of the
Lei Chen and Xianjin Yu/Adsorption Science & Technology Vol. 25 No. 5 first slice (m 3 ) and ε is the porosity of the compacted rectorite (m 3 /m 3 ). The quantity V slice 1 • ε • C L in equations (5) and (6) is the amount of Cs + ions in the pore space of the first slice of compacted rectorite, while the concentration of Cs + ions in the pore space is considered to be the same as that in the bulk solution. It is necessary to note that the concentration of Cs + ions in the capillary decreased with increasing distance from the diffusion source. 2.8 6.8 × 10 −9 6.6 × 10 −9 3.0 × 10 −11 66 64 120 2.0 × 10 −9 5.2 7.9 × 10 −9 7.2 × 10 −9 2.4 × 10 −11 77 70 150 1.9 × 10 −9 6.9 7.9 × 10 −9 8.1 × 10 −9 2.3 × 10 −11 76 80 158 1.8 × 10 −9 8.6 8.8 × 10 −9 8.2 × 10 −9 2.1 × 10 −11 86 81 170 1.9 × 10 −9 9.8 8.7 × 10 −9 8.5 × 10 −9 2.1 × 10 −11 85 83 175 1.8 × 10 −9 11.3 8.8 × 10 −9 8.6 × 10 −9 1.9 × 10 −11 86 84 197 1.6 × 10 −9 a K d (cal) was calculated from n 0 as deduced from equation (3). b K d (slice 1) was calculated from the amount of Cs + ions in the first slice, while n slice 1 was deduced from the liquid scintillation measurements. c K d was calculated from the D e value for tritium oxide (HTO). Figure 5 shows that there was little difference between the values of K d (cal) and K d (slice 1), thereby confirming the validity of the capillary method and the theoretical calculation. Mukai and Kataoka (1998) and Yui (2001) used the D e values of tritium (HTO) and the radionuclide to calculate the K d values for radionuclide sorption in compacted bentonite. The K d value for Cs + ions onto the compacted rectorite was estimated from the diffusion coefficient using the relationship: (7) where the D e value is assumed to be approximately equal to the D e value for tritium oxide (HTO). In this work, the D e value for HTO was assumed to be 4.2 × 10 −10 m 2 /s in the calculation of the K d value for the Cs + ion in compacted rectorite using equation (7) (Yu and Neretnieks 1997) . These results are also shown in Figure 5 and listed in Table 1 . From Figure 5 , it is clear that the K d values calculated from the D e value for HTO and the D a value for the Cs + ion were much larger than those deduced from n 0 and n slice 1 . Wang et al. (2005b) studied the diffusion of U(VI) in compacted bentonite and found similar results. The data listed in Table 1 indicate that the D e value for the Cs + ion was much higher than that of HTO, thereby suggesting that the diffusion of the Cs + ion was mainly dominated by surface diffusion (Yu and Neretnieks 1997; Wang and Liu 2004d) . Equation (7) can only be used when the diffusion mechanism of the radionuclide is the same as that of HTO (Wang et al. 2005b ).
The K d value for the sorption of Cs + ions onto powdered rectorite as obtained via the batch technique is also shown in Figure 5 . It will be seen from the figure that this latter value was about three-times larger than that for the Cs + ion onto compacted rectorite. This indicates that K d values derived via the batch technique cannot be used to evaluate the diffusion and migration of radionuclides in compacted samples Tao 2004e, Wang et al. 2005f ).
CONCLUSIONS
The results obtained in the present work indicate the following:
1.
The sorption of Cs + ions onto rectorite from aqueous solution is strongly dependent on the ionic strength and, to a lesser extent, on the pH value.
2.
The sorption of Cs + ions onto rectorite is mainly dominated by ion exchange, with surface complexation making only a weak or partial contribution to the total uptake.
3.
The sorption of Cs + ions onto rectorite is strongly dependent on the density of the rectorite sample, with the uptake decreasing markedly with increasing density.
4.
The K d values derived via the batch techniques over-estimate the diffusion and migration of radiocaesium in compacted backfill materials. The K d values arising from compacted backfill materials can provide an exact estimate of the relative values of the diffusion and migration of radiocaesium. Lei Chen and Xianjin Yu/Adsorption Science & Technology Vol. 25 No. 5 2007 5. The diffusion of Cs + ions in compacted rectorite is influenced by the pH value. Surface diffusion provides the main diffusion mechanism for Cs + ions in compacted rectorite.
6.
Rectorite is a suitable candidate for the pre-concentration and precipitation of Cs + ions from large volumes of solution. Rectorite may be used as the backfill material in nuclear waste repositories.
